T he spatiotemporal variability of soil water content, surface and subsurface alike, is of great importance of quantifying various components related to the hydrologic cycle in soils, including the estimation of root water uptake and evapotranspiration, solute transport in soils, surface runoff, assessment of potential soil erosion, and prediction of crop yields. Soil moisture is highly variable in time and space, and the spatial distribution of the soil water content is probably affected by the spatial variability of soil and topographic properties that are common in natural soils. Understanding the spatial-temporal pattern of soil moisture and its relations with soil and topographic properties in an irrigated field can help better predict temporal changes in the spatial soil moisture status, thus providing a basis for developing site-specific appropriate irrigation practices for improving water use efficiency in an arid region.
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T he spatiotemporal variability of soil water content, surface and subsurface alike, is of great importance of quantifying various components related to the hydrologic cycle in soils, including the estimation of root water uptake and evapotranspiration, solute transport in soils, surface runoff, assessment of potential soil erosion, and prediction of crop yields. Soil moisture is highly variable in time and space, and the spatial distribution of the soil water content is probably affected by the spatial variability of soil and topographic properties that are common in natural soils. Understanding the spatial-temporal pattern of soil moisture and its relations with soil and topographic properties in an irrigated field can help better predict temporal changes in the spatial soil moisture status, thus providing a basis for developing site-specific appropriate irrigation practices for improving water use efficiency in an arid region.
Spatiotemporal variability of soil water content, especially in near-surface soils, has long been a research topic of many studies, and geostatistics has been widely used to study possible temporal changes in the spatial structure of soil moisture under different conditions. Generally, sample variograms were computed for the spatial soil moisture observed on different dates, and temporal changes in the parameters from fitted variogram models such as nugget, sill, and range were then examined
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Center for Agricultural Water Research in China China Agricultural Univ. Beijing 100083 P. R. China Information on spatiotemporal soil water variability and its association with soil properties during multiple irrigation cycles is important for precisely estimating soil water storage and developing effective irrigation strategies. Temporal change in the spatial soil water distribution and its correlation with topography and soil properties (texture, bulk density, and C content) were studied in a furrow-irrigated 7.56-ha vineyard located in northwestern China. Soil water measurements were taken 17 times from May to October 2012 and at soil depths of 0 to 20 and 20 to 40 cm at 135 georeferenced locations. There were four irrigation events during the study period. The coefficient of variation (CV) of spatial soil water ranged from 14.5 to 25.8% and decreased with higher spatial mean soil water content. The relation between CV and mean soil water content was found to be similar between the two soil layers. Soil water content was significantly and consistently correlated with soil texture and bulk density, while correlations with topography were mostly insignificant. The correlation of soil water content with soil sand content were stronger during the late period of an irrigation cycle when the soil was drier than at the earlier period when the soil is wetter. The spatial structure of the standardized soil water content, characterized by variograms, was found to be similar at different periods of irrigation cycles, and nugget/sill ratios of the fitted variogram model suggested that a relatively larger portion of spatial variability in soil water content was spatially structured at the surface than in the subsurface soil.
(e.g., Jaynes and Hunsaker, 1989; Western et al., 1998; Hupet and Vanclooster, 2002; Joshi and Mohanty, 2010; Rosenbaum et al., 2013) . The patterns of those parameters in the variogram model with field mean soil moisture varied depending on the sampling scheme, measurement method, support scale, vegetation, and local soil conditions used in the studies. Jaynes and Hunsaker (1989) studied the spatial and temporal variability of soil moisture during four flood irrigations on a wheat (Triticum aestivum L.) field and the results showed that variograms of pre-and postirrigation had similar nugget and range values but different sill values. Anctil et al. (2002) reported similar nugget, sill, and range values of fitted exponential models for different soil moisture conditions of bare cultivated organic soils, probably due to the narrow range of mean soil moisture in the study. Other studies have reported that the parameters changed regularly with the field mean soil moisture. Western et al. (1998) fitted the exponential variogram model to spatial soil moisture data measured on 17 occasions in a 10.5-ha Tarrawarra catchment in Australia. They found that the spatial structure evolved seasonally, with a larger sill and shorter range during the wet winter period and a smaller sill and longer correlation length (range) during the dry summer period. Similarly, Hu et al. (2011) found that the nugget and sill values increased while the range decreased with increasing field mean soil moisture in both shrub-and grassland, i.e., larger nugget and sill values and a shorter range for wetter soils. A recent study in a 10-ha maize Zea mays L.) field also showed much longer range values for relatively drier soils (Baroni et al., 2013) ; however, their study found that drier soils had larger nugget values along with sill values similar to the wetter soils. On the other hand, Hupet and Vanclooster (2002) found no obvious spatial structure in near-surface soil moisture (0-20 cm) measured on 60 dates within a small maize field. They attributed the lack of spatial structure to control of the soil moisture by the vegetation and a lack of spatial structure in the vegetation growth for the sampling distances used in the study.
The relationship of the mean value and the standard deviation or CV of spatial soil moisture contents measured at different times has often been used to evaluate temporal changes in the spatial variability of soil moisture according to the overall field soil moisture status Jacobs, 2007, 2011; Pan and Peters-Lidard, 2008; Rosenbaum et al., 2013) . A convex relationship between standard deviation and mean soil moisture has been reported in many studies that were conducted under different conditions (e.g., Choi and Jacobs, 2007; Baroni et al., 2013) . The mean soil water content at which the standard deviation reaches its peak varies depending on local conditions (Rosenbaum et al., 2013) . The CV for spatial soil moisture was usually found to decrease with increasing mean soil moisture, and an exponential function has often been used to describe the relationship (Brocca et al., 2010; Choi and Jacobs, 2011; Baroni et al., 2013; Rosenbaum et al., 2013) .
The factors that drive spatial variability in soil water content are thought to be associated with time-invariant field conditions, specifically certain soil properties (soil texture, bulk density, and C content) and topography (elevation, slope, and curvature). The associations have been found to vary according to different field conditions such as soil properties, topography, vegetation types, growth stages of crops, and management practices. Tomer and Anderson (1995) found that combinations of elevation (cubic trend), slope, and plan curvature explained 51 to 77% of the spatial variability in soil water content in a sandy hillslope. Regression coefficients of soil clay content and organic C content from multiple regressions of spatial soil water content with soil and topographic properties were found to vary substantially at different measurement dates during the year (da Silva et al., 2001 ). In the same study, topography was found to not be significantly related to the spatial pattern in soil water content. Zhao et al. (2010) showed that the mean relative difference in soil water content generally correlated significantly with soil C and texture in a steppe landscape, but the correlations were not consistent among plots with different grazing rates. They also found that topography was not significantly correlated with soil water content in their study due to the relatively flat field conditions and the experiment's focus on shallow soil water content (0-6-cm depth).
Irrigation plays a critical role in sustaining agriculture in the semiarid region of northwestern China. Irrigation has great impacts on processes such as evapotranspiration, root water uptake, and lateral flow in soils, which in turn alters the spatiotemporal variability in the soil water content. Knowledge of the patterns of change in spatial soil moisture and their associations with soil and topographic properties could provide valuable information for developing appropriate irrigation practices much needed in the region. Although there have been some studies on spatiotemporal variability in soil moisture in relatively drier and wetter soils, very few studies have systematically examined the temporal evolution of the soil moisture spatial structure and possible changes in the correlations of soil water content with soil and topographic properties at different irrigation stages of multiple irrigation cycles. The objective of the study was to characterize the spatiotemporal variability in soil water content and the associations between soil water content and soil properties and topography at different periods of multiple irrigation cycles in a furrow-irrigated grapevine (Vitis vinifera L.) field in northwestern China.
MATERIALS AND METHODS

Site Description and Data Collection
The experiment was performed at the Huangtai wine vineyard with an area of 400 ha at the Shiyanghe Experimental Station for Improving Water Use Efficiency in Agriculture, Ministry of Agriculture, located in Wuwei, Gansu Province (37°52¢20² N, 102°50¢50² E, altitude 1581 m asl) during the period of April to October, 2012. This region is located in a typical continental temperate arid climate zone with the characteristics of hot summers, cold winters, and a dry and windy climate. It is rich in sunlight, with a mean annual sunshine duration >3000 h, a mean annual temperature of 8.8°C, and 150 frost-free days. Water is in severe shortage in this region, with an average groundwater table deeper than 25 m, mean annual precipitation of 164 mm, and mean annual pan evaporation of about 2000 mm.
The grape cultivar in the experiment was Merlot Noir, which was established in 1999 at a spacing of 270 cm between rows oriented east-west and 100 cm between vines. Vines were trained to a vertical plane by pillar spaced at 9 m with three wires supported by a 1.5-m-high trellis. Grapevine fine roots (diameter £2 mm) accounted for 90% of the total root biomass and were mainly distributed in the 10-to 80-cm soil layer (Zhang et al., 2008 (Zhang et al., , 2012 . The vineyard was furrow irrigated four times by water with a salinity of 0.61 g L −1 and an irrigation amount of 70 mm for each irrigation event during the 2012 growing season on 4 May, 27 May, 1 July, and 26 August. Before each irrigation event, urea (112.5 kg ha −1 ), Zn compound fertilizer (15 kg ha −1 ), boric acid compound fertilizer (15 kg ha −1 ), and phosphate diamine (120 kg ha −1 ) were applied into holes between the grapevines. Organic fertilizer has not been applied in the past 5 yr. The surface soil was chisel plowed (about 5 cm deep) after each irrigation event.
The study site was about 275 m long and 275 m wide. A grid of regularly spaced sampling points 25 m apart was superimposed over the area. However, maize was mistakenly planted along the northwestern and southeastern edges of the site, so nine grid points were deleted, resulting in a total of 135 sample points for the study site (Fig. 1) .
Soil samples were taken at two soil depths: 0 to 20 cm with minimum root distribution and 20 to 40 cm with a relatively heavy density of fine roots. Volumetric soil water content was measured at the sampling location at both depths using a portable device (Diviner 2000, Sentek Pty Ltd.) approximately every 10 d from 7 May to 30 September and also the first or second day after every heavy rain event. The device was calibrated by the gravimetric method at intervals during the irrigation cycle. Measurements were taken on a total of 17 d during the grape growing season.
Soil properties including bulk density, texture, and organic matter were measured at both depths. Soil samples were collected with soil tubes during early May 2012. For soil bulk density, a tube of 5-cm diameter was used, while for other soil properties, a 2-cm-diameter tube was used. Soil bulk density was determined gravimetrically using oven drying, and the soil organic matter content was measured using the potassium dichromate method (Nelson and Sommers, 1975) . Soil particle size analysis was performed with a MasterSizer 2000 laser particle size analyzer (Malvern Instruments Ltd). The elevation within the field was measured using a GPS (Trimble Recon). A total of 63,001 elevation data were obtained to construct a digital elevation model with resolution of 1.1 by 1.1 m, and several terrain-based attributes including slope, aspect, and curvature were derived using Spatial Analyst for ArcGIS (ArcGIS 9.3,ESRI). Precipitation was measured by a standard automatic weather station at the experimental station.
Data Analysis
Based on the closeness of a soil water content measurement time to an irrigation event, soil water contents at different times were divided into three stages: early irrigation cycle (EI) at 1 or 2 d after an irrigation event; late irrigation cycle (LI) at roughly 1 mo after each irrigation; and middle irrigation cycle (MI) between EI and LI.
The coefficient of variation (CV) was used to describe the overall variation in soil water content, as well as soil properties within the experimental field. For CV £ 10%, heterogeneity was considered to be weak, 10% < CV < 100% was considered moderate heterogeneity, and CV ³ 100% was considered strong (Warrick and Nielsen, 1980 ). Pearson's correlation coefficients were obtained between the soil water content at different dates and individual soil and topographic properties. An ANOVA with the stage of an irrigation cycle (EI, MI, or LI) as the fixed factor was conducted to determine whether there were significant differences in correlation coefficients for soil water content with bulk density and sand content among the different stages. The analysis was conducted separately for the two soil layers. Pearson's correlation coefficients, CVs, and ANOVA were performed using SAS software (Version 9.2, SAS Institute). The spatial structure of soil water content at different stages and selected soil properties based on the significance of Pearson's correlation coefficients was evaluated by fitting variogram models. For soil water content, mean values for different dates classified as the same irrigation stage were used to represent the spatial structure of the respective irrigation stage, and the analysis was conducted separately for the two soil layers. First, a sampling variogram was calculated as
where g(h) is the variogram of the variable Z, which represents soil water content and selected soil properties in this study, x i and x i + h are sampling locations separated by a distance h, Z(x i ) and Z(x i + h) are measured values of Z at the corresponding locations, and N h is the total number of sample pairs for the distance h. The calculated sample variograms were then fitted with three commonly used empirical variogram models (Burgess and Webster, 1980) : Spherical:
( )
where C 0 is the nugget that represents the local variation occurring at scales finer than the sampling interval, such as sampling error and measurement error, (C 0 + C 1 ) is the sill providing an estimate of total population variance, and a is the correlation length. The range is defined as the distance beyond which the sampling variables are not spatially correlated and can be used as an effectively evaluated criterion for sampling number design (Utset et al., 1998; Fu et al., 2010) . The range of the spherical, exponential, and Gaussian models are a, 3a, and Ö(3a), respectively. The fitting accuracy of the model was evaluated by the coefficient of determination (R 2 ) and the residual sums of squares (RSS):
where ( )
g h is the mean observed value, and n is the total number of samples, and
The leave-one-out cross-validation procedure was used to evaluate the performance of the three empirical variogram models. The estimated value at each point was obtained based on kriging with the point excluded for variogram calculation and modeling, and the correlation coefficient between measured and estimated values was then calculated separately for the three variogram models (Kravchenko and Bullock, 2002) . Sample variograms and variogram model fitting were also conducted on the standardized mean soil water content of both soil layers.
The cross-correlogram was used to study the potential spatial correlation between two variables (Stein et al., 1997) . In this study, a cross-correlogram was calculated between soil water content at different times with selected soil properties. A crosscorrelogram can be calculated as
where m 1−h and m 2+h are the means of Variables 1 and 2 separated by the distance h, and s 1−h 2 and s 2+h 2 are the corresponding variances of the two variables. Variogram calculation, empirical variogram fitting, and cross-correlogram calculation were conducted using GS+ (Robertson, 2008) and GeoVisual4.0 soft (Yamamoto, 2001) .
RESULTS AND DISCUSSION
Descriptive Statistics of Spatiotemporal Soil Water Content
Descriptive statistics of soil properties and topography are presented in Table 1 . Generally, CV for soil bulk density was <10% at both soil depths and relatively less than that for the other soil properties, which is consistent with previous studies (Duffera et al., 2007; Adhikari et al., 2011; Tesfahunegn et al., 2011) . On average, the soil bulk density at the soil depth of 20 to 40 cm (1.51 g cm −3 ) was smaller than that at 0 to 20 cm (1.60 g cm −3 ), partly attributable to the effect of tramping at the soil surface and the large amount of roots at 20 to 40 cm. Soil texture at the two different depths was similar, generally being classified as sandy loam. Given that the fraction of fine particles (clay + silt) was >80% at the 0-to 20-cm depth, a soil crust tended to appear after irrigation or a heavy rain event. Therefore, the surface soil (0-5-cm depth) was usually chisel plowed after irrigation or heavy precipitation, which led to a more uniform distribution of soil particles at the 0-to 20-cm depth than in the deeper soil layer.
Soil organic C was quite low at the site, with <1% in both layers, partly due to no organic fertilizer application in the past 5 yr and little organic matter input resulting from the local practice of collecting fallen branches and leaves. Elevations within the field showed very little variation, with a CV of 0.07%, suggesting that the topographic effect on the soil water distribution in the field should be not significant. Table 2 shows the descriptive statistics for spatial soil water content on individual dates in the different periods of the irrigation cycle during the study period. The lowest mean value of the volumetric soil water content in the field was 0.14 at 0 to 20 cm in LI on 25 May and the highest was 0.27 at 20 to 40 cm in EI on 30 August. The CV of the spatial distribution of soil water content ranged from 14.5 to 25.8% at different times, indicating fairly moderate heterogeneity at different times of an irrigation cycle. The average CV for spatial soil water content measured during the season was 18.6% for the 0-to 20-and 19.8% for the 20-to 40-cm soil layers. The results for the CV of spatial soil water content were within the range of findings of other studies having comparable field sizes (Bell et al., 1980; Western and Grayson, 1998; Hupet and Vanclooster, 2002; Meyles et al., 2003; Western et al., 2004; Brocca et al., 2007 Brocca et al., , 2010 . Figure 2 shows the temporally changing pattern of the spatial mean soil water contents and their respective CVs for both soil layers, along with irrigation and precipitation events, during the whole study period. Apparently, irrigation had a great impact on the temporal change in the overall soil water content in the field. The mean soil water content usually reached a peak right after an irrigation event, then decreased continuously until it rebounded after the next irrigation event. Due to the lack of large precipitation events during the study period, the effect of precipitation on the soil water content distribution was minimal. The temporal change pattern of the mean soil water content was similar for the two soil depths.
Within an irrigation cycle, i.e., the period between two irrigation events, CV increased with decreasing mean soil water content, i.e., CV tended to be larger when the soil water content was relatively low. We also noticed that CVs for the 20- to 40-cm soil layer were substantially larger than those for 0 to 20 cm during the first irrigation cycle, whereas during the other irrigation cycles, CVs for the two layers were very close. To better understand the effect of the overall soil moisture status on the spatial variability of soil water content in the field, how the CV changed with the mean soil water content was further explored (Fig. 3) . As mentioned above, the change in the CV with the mean of the spatial soil water content distribution was often described by an exponential model ( Jacobs et al., 2004; Famiglietti et al., 2008; Brocca et al., 2010; Choi and Jacobs, 2011) . In this study, data on the CV and mean soil water content were fitted with the exponential model separately for the 0-to 20-and 20-to 40-cm soil layers, and the fitted results are shown in Table 3 and Fig. 3a . With all data points included in the analysis, the relationship between CV and mean soil water content apparently was different for the two soil layers (P = 0.02). According to Jacobs et al. (2004) , the parameters (a and b) in the exponential model CV = a ´ exp(b ´ mean soil water content) indicated the magnitude of the proportional effect on variability and the dependence of variability on the mean soil water content, respectively. Given that absolute values of both parameters for the 20-to 40-cm soil layer were larger than those of the 0-to 20-cm soil layer, it seems that the 20-to 40-cm soil layer had relatively greater overall spatial variability under dry conditions and the CV would decrease relatively faster for the deeper soil layer. Considering that the difference in CV between the two soil layers mainly occurred during the first irrigation cycle (Fig. 2) , the exponential model was also fitted with a data set that excluded the four data points of the first irrigation cycle (Table 3 ). The magnitude of the fitted parameters from all data or data excluding the points of the first irrigation cycles was similar, as previous studies reported ( Jacobs et al., 2004; Famiglietti et al., 2008; Choi and Jacobs, 2011) . Interestingly, there was no significant difference either fitted parameter (P = 0.65) between the two soil layers after excluding those four points. We speculated that partially thawed soils within the field during early May and the corresponding uneven soil water movement might have contributed to the unusually high CVs found for the deeper soil layer during the first irrigation cycle. The result that the two soil layers had similar relationships between CV and mean soil water content suggested that the number of samples needed to achieve a certain confidence level for the mean soil water content of the two layers could be very similar. Table 4 shows Pearson's correlation coefficients for soil and topographic properties in relation to soil moisture observed on different dates. Overall, correlations between soil water content and topographic properties were not significant except for some sporadic dates with one or two topographic variables. Low variability in topography in this field could be the main cause for the lack of correlation between soil water content and topographic variables. Also, soil organic matter was found to be not significantly correlated to soil water content at most of the observed dates, probably due to overall low concentration of organic matter in the field. Soil texture and bulk density were found to be consistently and significantly correlated with soil water content. Generally, soil moisture was negatively correlated with bulk density and sand content, and positively correlated with clay and silt content, which is consistent with previous studies (Gómez-Plaza et al., 2001; Pan and Wang, 2009 ). Relative to clay and silt contents, sand content was the most correlated with soil water content throughout the study period for both soil layers. Temporal changes in the correlation coefficients for soil texture and bulk density with soil water content are shown in Fig. 4 . For the 0-to 20-cm soil layer, correlation coefficients during the first irrigation cycle were somewhat smaller than those after 25 May, probably due to specific soil conditions at the time and/or very dry conditions. The correlation coefficient between soil water and sand content ranged from −0.58 to −0.24 and from −0.59 to −0.20 for the 0-to 20-and 20-to 40-cm soil depths, respectively. The ranges of correlation coefficients with sand content were very similar to the range reported in previous studies Pan and Wang, 2009 ). The studies of Pan et al. ( , 2009 ), conducted on a 0.45-ha revegetated and stabilized desert field in northern China, reported soil water and sand correlation coefficients ranging from −0.59 to −0.21 for the 0-to 6-cm depth and −0.4 to −0.2 for the 0-to 15-cm soil depth. The absolute correlation coefficients obtained in the current study were lower than those obtained on small catchments in a semiarid region of Spain, which ranged from 0.62 to 0.65 (Gómez-Plaza et al., 2001) .
Correlation between Soil Water Content Spatial Distribution and Soil Properties
For the 20-to 40-cm layer, correlation with bulk density and soil texture tended to change periodically following an ir- rigation event, becoming weaker right after an irrigation event, then stronger as the soil dried before the next irrigation event. There was little correlation between soil water content and other selected properties on 25 May when the soil was relatively dry and the mean volumetric soil water content was approximately 0.14. Previous studies had suggested that under relatively lower soil moisture conditions, soil moisture variability was mainly controlled by the limited water availability for root water uptake and evaporation and thus might become less correlated with soil properties (Hu et al., 2008; Baroni et al., 2013; Rosenbaum et al., 2013 ). De Lannoy et al. (2006 suggested that the spatial variability of soil moisture would be low and would tend to be purely random under very dry conditions. Figure 4 shows comparisons of the correlation coefficients for soil water content with bulk density and texture at different irrigation stages for the two soil layers. The results showed that the correlation coefficients for soil water content with bulk density were similar at the three stages in both soil layers. For the correlation coefficient with soil texture, there was no significant difference between the three stages for the surface soil layer, while the absolute value of the correlation coefficient for EI was significantly lower than that for LI for the subsurface soil layer (Fig. 4) . The results indicated that the effects of soil properties on the spatial distribution of soil water content were fairly consistent regardless of the soil moisture status of the surface soil layer because the surface soil water content was controlled to a great extent by continuous evaporation, which tended to be homogeneous across the field (Mahmood and Hubbard, 2003; Choi and Jacobs, 2011) . At the subsurface soil layer, soil texture would have greater impacts on the soil water content distribution when the soil was relatively drier. This result is similar to the result of that the correlation between soil texture and soil moisture was highest for both soil depths of 0 to 15 and 0 to 30 cm at a relatively drier time.
Temporal Change in Spatial Structure of Soil Water Content
The sample variograms were computed for soil bulk density, clay + silt content, and soil water content at different irrigation stages, and they all were fitted with three commonly used empirical models: spherical, Gaussian, and exponential. The models' performance was evaluated by comparing observed and estimated values from the leave-one-out cross-validation technique. In most cases, the spherical model performed the best, with higher correlation coefficients between kriging estimated and observed values. The performance of the spherical model was very similar to the best one, when either of the other two performed the best. Therefore, the spherical model was used for all data sets in this study to facilitate interpretation of the results. Figure 5 shows the sample variograms and fitted spherical models, and Table 5 shows the fitted model parameters for soil bulk density, clay + silt, and the mean soil water content at the different irrigation stages. The nugget value ranged from 4.1 to 5.3 (%) 2 and from 8.8 to 10.9 (%) 2 for the 0-to 20-and 20-to 40-cm layers, respectively, while the sill values were 9.2 to 12.4 (%) 2 and 13.8 to 15.8 (%) 2 for the surface and subsurface soil layers, respectively. The nugget, sill, and range values were within the ranges of previous studies with comparable field size (Baroni et al., 2013; Hu et al., 2011; Western et al., 1998) . The nugget and sill values were larger for EI, which is consistent with previous findings that nugget and sill values tend to be larger for wetter soils (Western et al., 1998; Hu et al., 2011) . In this study, the range value was greater for the wetter conditions of the 0-to 20-cm soil, with 178 m for EI and 133 m for LI, which appears to be in conflict with previous reports that the correlation length was greater for drier soils. Those studies were conducted largely on grasslands or flood-irrigated agricultural lands. De Lannoy et al. (2006) reported that the range was larger for wetter soils on a 21-ha maize field, and they argued that factors contributing to the wetter soils, such as precipitation, might be more spatially correlated than those contributing to the drier soils, such as evapotranspiration. Substantial lateral water flow following the irrigations and the smoothing effect from furrow irrigation would be highly spatially correlated, which could contribute to the longer range found for EI in this study. On the other hand, larger nugget and sill values for the 20-to 40-cm soil layer, relative to the 0-to 20-cm layer, might be attributable to more influence from root water uptake in the 20-to 40-cm soil. According to Cambardella et al. (1994) , the degree of spatial dependence (DSD), defined as the ratio of nugget to sill values in a variogram model, reflects the extent of spatial autocorrelation; if the DSD is £25%, the variable is considered to be strongly spatially dependent, if the DSD is between 26 and 75% it is moderately spatial dependent, and if the DSD is >75% it is weakly spatially dependent. Soil bulk density for both layers was very weakly spatially dependent, with DSD >80%, probably due to frequent field tillage. Soil clay + silt content was moderately spatially dependent for both layers. Overall, the soil water content of the surface soil layer had a smaller DSD than that of the subsurface soil layer, with mean values of 45 and 65% for the surface and subsurface soil layers, respectively, indicating that a relative majority of the variability (about 55%) of the soil water content could be spatially structured in the surface soil layer, while only about 35% in the 20-to 40-cm layer was spatially structured. Noticeably, the DSD of the soil clay + silt content was about 55 and 45% for the surface and subsurface soil layers, respectively. Relative to the soil clay + silt content, the soil water content in the surface layer had a larger portion of spatially structured variability contributing to the overall variability, while the soil water content in the subsurface soil layer had a smaller portion than the soil clay + silt content. Therefore, factors other than soil texture that affect the soil water content of the surface soil layer might be somewhat spatially structured, while for the subsurface soil layer, those factors might be less spatially structured. Figure 6 also shows the sample variograms along with fitted models for the soil water content standardized data, which were very similar. Especially, the variograms of MI and LI for the surface soil layer and EI and MI for the subsurface soil were almost identical. Therefore, the same spatial variogram model could be used to estimate the soil water content spatial distribution at different stages of the irrigation cycles in the field, indicating that the number of samples required for estimating variograms at different times could be reduced. Figure 7 presents the cross-correlogram between soil water content and the selected factors at the different irriga- Fitted nugget (C 0 ), sill (C 0 + C) , range, degree of spatial dependence (DSD), coefficient of determination (R 2 ), residual sum of squares (RSS) and cross-validation R for the spherical model for variograms of soil properties bulk density and texture and soil water contents at early (EI), middle (MI), and late (LI) periods within irrigation cycles. (v/v) . ‡ DSD = C 0 /(C 0 + C)100. tion stages. Overall, the trend in spatial correlation of soil water content with soil bulk density and soil texture was similar for different stages of the irrigation cycles, indicating a rather consistent effect of soil properties on the soil water spatial distribution at different times in the irrigation cycle. The absolute value of the cross-correlation coefficients between soil water content and soil bulk density or clay + silt content decreased with increasing separation distance, reaching zero at a certain distance. Soil water content at a given site was not only related to the local soil bulk density or texture but was also related to the soil bulk density and texture characteristics of soils located some distance away. This distance relating the influence of soil bulk density on the soil water content was about 80 and 120 m for the 0-to 20-and 20-to 40-cm soil depths, respectively, while the influence distance of soil texture was about 80 m for both depths. The correlation lengths of soil bulk density or soil texture appeared to be shorter than the range of the variogram models for soil water content, suggesting that factors other than the soil properties might contribute to the spatial correlation of soil water content across the field, such as irrigation, growth conditions of the grapevine, or other factors.
CONCLUSIONS
Soil water content displayed moderate spatial variability, with the CVs of spatial soil water content ranging from 14.5 to 25.8% at different times during the study period. Overall, the CV decreased with increasing mean soil water content, and the relation between CV and mean soil water content was similar for the 0-to 20-and 20-to 40-cm soil depths. Soil texture and bulk density were found to be significantly and consistently correlated with spatial soil water content across the field. The correlations between soil water content and soil texture were significantly stronger during the late period of an irrigation cycle when the soil was relatively drier than during the earlier period when soil was wetter in the subsurface soil layer. Variograms of standardized soil water content data were very similar at different periods of the irrigation cycles, and a relatively larger portion of the spatial variability in soil water content was spatially structured for the surface soil than for the subsurface soil.
